ABSTRACT. This study aimed to evaluate 12 genes (18S, GAPDH, B2M, ACTB, ALAS1, GUSB, HPRT1, PBGD, PPIA, PUM1, RPL29, and TBP) for their reliability and stability as reference sequences for real-time quantitative PCR (RT-qPCR) in bone marrow-derived mesenchymal stem cells (BMSCs) isolated from patients with avascular necrosis of the femoral head (ANFH). BMSCs were isolated from 20 ANFH patients divided into four groups according to etiology, and four donors with femoral neck fractures. Total RNA was isolated from BMSCs and reverse transcribed into complementary DNA, which served as a template for RT-qPCR. Three commonly used programs were then used to analyze the results. Reference gene expression varied within each group, between specific groups, and among all five groups. Based on comparisons of all five groups, two of the programs used suggested that HPRT1 was the most stable reference gene, while 18S and ACTB were the most variable. Among the 12 candidate reference genes, HPRT1 exhibited the greatest reliability, followed by PPIA. Thus, these sequences could be used as references for the normalization of RT-qPCR results.
INTRODUCTION
Avascular necrosis of the femoral head (ANFH) is a severe disease that may lead to pain, difficulty in ambulation, or even disability in the affected limb. The incidence of ANFH in China is much higher than in Western countries. The etiology of this condition is complicated, and recent evidence suggests that bone marrow-derived mesenchymal stem cells (BMSCs) may play a rather important role in its pathogenesis (Cui et al., 1997; Hernigou and Beaujean, 1997; Hernigou et al., 1999; Suh et al., 2005; Lee et al., 2006) .
Due to its high sensitivity, real-time quantitative polymerase chain reaction (RTqPCR) is commonly used to examine gene expression changes in ANFH patients of different etiologies. Using this technique, Samara et al. (2014) have shown that OPG, RANK, and RANKL may play significant roles in bone remodeling progression in the necrotic area, leading to disturbed bone homeostasis. In addition, Grässel et al. (2010) measured the expression of tissue inhibitor of matrix metalloproteinase and matrix metalloproteinases, which affect the balance between bone formation and resorption in osteonecrotic femoral head tissue. However, accurate gene expression measurement by RT-qPCR is influenced by many factors, including cell type, mRNA quality, the reagents used, and the reliability and stability of the selected reference genes.
To date, a variety of reference genes, including 18S, TBP, GUSB, PUM1, PBGD, RPL29, B2M, ALAS1, PPIA, HPRT1, GAPDH, and ACTB have been used in the investigation of target gene mRNA expression levels in mesenchymal stem cells (MSCs). However, controversy remains regarding the reliability and stability of certain commonly used reference genes, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and beta-actin (ACTB) in particular, as they are not expressed in all cell and tissue types. Several studies have shown that some reference sequences used in MSC research, including GAPDH, ribosomal protein L13a (RPL13A), and ACTB, vary in stability between different donors, expansion conditions, and differentiation processes (Vandesompele et al., 2002; Curtis et al., 2010; Quiroz et al., 2010) . Moreover, some investigations have found 18S to be the most unstable reference gene (Minervini et al., 2009; Cai et al., 2014) . To our knowledge, there have been no studies of stable reference genes in MSCs of ANFH patients. Therefore, in the present work, we comprehensively tested the reliability of genes serving as references for expression analysis in MSCs, and identified the optimal candidates.
MATERIAL AND METHODS

Cell preparation and RNA isolation
BMSCs were obtained from the femoral heads of ANFH patients in accordance with the regulations of the Ethics Committee of the Second Hospital of Jilin University. A total of 20 patients (average age of 52.75, ranging from 29 to 68 years) and four healthy donors (average age of 55.5, ranging from 29 to 68 years) were enrolled. The patients were divided into four groups based on ANFH etiology, with five individuals in each group: the alcohol group (group A), comprising patients with alcohol-associated ANFH (average age of 48, ranging from 42 to 59 years); the corticosteroid group (group C), comprising corticosteroid-related ANFH patients (average age of 53.8, ranging from 42 to 63 years); the trauma group (group T), comprising patients with ANFH related to trauma (average age of 54.6, ranging from 50 to 64 years); and the idiopathic group (group I), comprising patients suffering idiopathic ANFH (average age of 52.4, ranging from 40 to 65 years).
BMSCs were isolated by density gradient centrifugation and cultured in flasks with Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. BMSCs were harvested in passage one. Cells were treated with trypsin-ethylenediaminetetraacetic acid and collected by centrifugation at 500 g for 5 min. Total RNA was isolated from first passage cells using TRIzol reagent (Life Technologies, Auckland, New Zealand), and its concentration was determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). All samples had 260/280-nm optical density ratios between 1.9 and 2.1.
Complementary DNA (cDNA) synthesis and RT-qPCR
For cDNA synthesis, 1 µg total RNA was used with an All-in-One First-Strand cDNA Synthesis Kit (GeneCopoeia, Rockville, MD, USA) following the manufacturer protocol, and RT-qPCR was performed using All-in-One qPCR Mix (GeneCopoeia). Primers for the 12 candidate reference genes were synthesized by Sangon (Shanghai, China; Table 1 ). Amplification was performed using 40 cycles of 95°C for 20 s, 55°C for 20 s, and 72°C for 60 s. The melting curve were performed for confirming specificity of the product. 
Data analysis
RT-qPCR results were analyzed by three commonly used programs: BestKeeper (Pfaffl et al., 2004) , geNorm (Vandesompele et al., 2002) , and NormFinder (Andersen et al., 2004) . The coefficient of variation was calculated by dividing the standard deviation (SD) by the mean threshold cycle (Ct) value. All 12 candidate reference genes were analyzed based on their stability in the five groups under investigation.
RESULTS
RT-qPCR
RT-qPCR amplification products from each reaction were verified by 1% agarose gel electrophoresis, which showed amplicons of the expected size. Moreover, melt curves revealed a single and narrow peak for each reference gene (Figure 1 ). Ct values from the 24 samples ranged between 14.6 and 38.0 (Table 2 ). Of the 12 reference genes among the five groups, 18S demonstrated the most variable results, with the highest SD (4.5). In contrast, PBGD showed the lowest SD (1.86; Figure 2 ).
BestKeeper analysis
Since BestKeeper can only analyze up to 10 reference genes (Pfaffl et al., 2004) , the two least stable sequences (18S and ACTB) were removed (Table 3) . PPIA, PBGD, B2M, and PPIA were determined to be the most stable genes in groups A, C, I, and T, respectively, while ALAS1 demonstrated the highest stability in the control group. Two-group comparisons produced variable results concerning the most stable reference gene, although PPIA was most frequently the highest ranked in such analyses. Among all five groups, BestKeeper analysis revealed HPRT1 to be the most stable, followed by PPIA and RPL29. SD = standard deviation. 
geNorm analysis
A reference gene with an average expression stability value (M) > 1.5 was considered unreliable. As shown in Table 4 , the lowest M values were demonstrated by GAPDH/B2M in groups A and C, PUM1/GUSB in group I and T. The combination PUM1/GUSB most frequently showed the lowest M value in comparisons between two groups. When all five groups were compared, geNorm analysis revealed that PUM1/GUSB, TBP, and HPRT1 demonstrated the greatest stability. A = Alcohol group; C = corticosteroid group; I = idiopathic group; T = trauma group. A = Alcohol group; C = corticosteroid group; I = idiopathic group; T = trauma group. 
NormFinder analysis
According to NormFinder (Wen et al., 2012) , the lower the stability value, the more stable the reference gene. As shown in Table 5 , the most stable sequences were determined to be HPRT1 in group A (with a stability value of 0.206), PUM1 (0.323) in group C, GUSB (0.428) in group I, HPRT1 (0.355) in group T, and ALAS1 (0.115) in the control group. Among the two-group comparisons, HPRT1 most often exhibited the highest stability. In a comparison of all five groups, the top three reference genes according to stability were HPRT1, PPIA, and ALAS1.
Taking together the analyses of all three programs, 18S and HPRT1 were considered the least and most stable reference genes, respectively, among ANFH patients of different etiologies (Figure 3 ). A = Alcohol group; C = corticosteroid group; I = idiopathic group; T = trauma group. Comparing all five groups, two of the three algorithms determined HPRT-1 to be the most stable of the twelve genes under investigation, followed by PPIA, while the third program also showed HPRT-1 to be reliable. In contrast, according to all three applications, 18S, ACTB, and GAPDH, which are often used to normalize RT-qPCR data, were unreliable references.
DISCUSSION
ANFH is a common disease but its etiology remains unclear. Recent evidence suggests that abnormalities in the bone metabolism pathway are implicated in its pathogenesis (Balla et al., 2011; Wen et al., 2012; Jiang et al., 2014) .
RT-qPCR is a powerful tool allowing analysis of gene expression changes involved in ANFH. Stable reference genes should be selected in order to obtain reliable RT-qPCR results, according to the following criteria: 1) they should be expressed in target cells and tissues, and should be a basic component for transcription; 2) they should be stably expressed in all experimental environments and conditions, and their expression should not be affected by exogenous or endogenous factors; and 3) they should be expressed at levels similar to those of target genes (Bustin et al., 2005) .
We included 24 subjects in this study, consisting of 20 ANFH patients of different etiologies and four donors not suffering from this condition. We isolated BMSCs from the femoral canal, and assessed 12 possible reference genes. In previous studies, 18S, GAPDH, and ACTB have frequently been used for RT-qPCR normalization, these latter two having often been selected as reference sequences for the analysis of gene expression in BMSCs (Suzuki et al., 2000; Curtis et al., 2010) .
However, the choice of these genes as references is not supported by the findings of the present study. While GAPDH and ACTB ranked highly in the control group, their stability was poor in the ANFH groups. This may be due to abnormal expression related to bone metabolism in this condition. Several studies have used musculoskeletal progenitor cells to analyze the stability of reference genes. For example, Studer et al. (2012) did so during osteogenesis, adipogenesis, and chondrogenesis of BMSCs and placenta-derived MSCs, concluding that RPL13A is a reliable and stable reference gene. Moreover, in an investigation of reference genes in BMSCs and adipose-and umbilical cord-derived MSCs, Amable et al. (2013) established the reliability and stability of B2M and RPL13A. Di et al. (2011) analyzed various bone progenitor cell lines under altered gravity conditions and strong magnetic fields, but found no suitable reference genes for such situations. However, HPRT1 and B2M demonstrated the greatest stability in osteocyte-like MLO-Y4 cells and the osteoblast-like cell line MC3T3-E1. In contrast, in human embryonic stem cells, ACTB, HPRT1, and B2M have been shown to be the least stable candidate reference genes (Willems et al., 2006) . Interestingly, we found that the most stable reference gene differed according to the etiologies of the ANFH patients from which BMSCs were isolated. We employed three programs to analyze our RT-qPCR results and identify the most reliable and stable reference gene. Although these three applications differ in the algorithms employed, two of them (BestKeeper and NormFinder) revealed that, of the genes tested, HPRT1 levels varied the least among all five groups. Thus, HPRT1 is considered to be the most stable reference gene. In contrast, 18S and ACTB showed the most unstable expression in BMSCs. The reference sequence deemed most stable varied when ANFH groups associated with different risk factors were compared, as it did in comparisons between the control subjects and ANFH groups. Hence, researchers must choose reference genes according to the specific group under investigation. ANFH risk factors and etiologies may be confounded, in that a patient may have used corticosteroids, while having a long history of alcoholism; or may have suffered from ANFH, but only incidentally began using corticosteroids; or may have used corticosteroids many years before acquiring this condition. In these cases, it is particularly difficult to determine the main etiology or mechanism responsible for ANFH. Therefore, with regard to normalization of gene expression data, we recommend that HPRT1 should be chosen, followed by PPIA.
In conclusion, three programs were used to investigate the stability of 12 commonly used reference genes for the normalization of gene expression in BMSCs from ANFH patients and normal donors. Our data suggest that HPRT1 and PPIA are the most reliable reference genes of those tested, while 18S and GAPDH are the least stable. Selection of the most appropriate reference sequence could help minimize inaccuracies in gene expression analysis.
